Cross-talk between the PI3-K and MAPK1/2 signaling cascades in response to aldosterone-induced K-RasA was investigated in renal A6 epithelial cells. The contribution of these signaling pathways to aldosterone-stimulated Na + transport, in addition, was investigated. Aldosterone increased active K-RasA levels in A6 cells resulting in activation of downstream effectors in both the MAPK 1/2 and PI3-K cascades with K-RasA directly interacting with the catalytic p110 subunit of PI3-K in a steroid-dependent manner. Aldosterone-stimulated PI3-K signaling impinged upon the MAPK 1/2 cascade at the level of Akt mediated phosphorylation of c-Raf at an established negative regulatory site. Aldosterone also increased Sgk levels, as well as stimulated phosphorylation of this kinase in a PI3-K and K-RasA dependent manner. Blockade of MAPK 1/2 signaling had little effect on Na + transport. Conversely, inhibition of PI3-K markedly suppressed transport. Likewise, suppression of K-RasA induction decreased transport; however, Na + transport was subsequently stimulated under these conditions with the PLA 2 inhibitor, aristolochic acid, an established positive modulator of Na + transport suggesting that K-RasA signaling through PI3-K does not directly affect ENaC levels but activity of this channel. Consistent with this possibility, activity of ENaC reconstituted in CHO cells was increased by co-expression of constitutively-active PI3-K. The current study demonstrates that aldosterone increases Na + transport, in part, by stimulating PI3-K signaling and that during aldosterone actions there is both signaling convergence between the two aldosterone-induced proteins, K-RasA and Sgk, as well as cross-talk between the PI3-K and MAPK 1/2 cascades with the prior but not latter cascade enhancing ENaC activity.
The epithelial Na + channel (ENaC) is a centrally positioned effector modulating systemic blood pressure (8) . This amiloride-sensitive, non-inactivating, voltageindependent, Na + -selective ion channel resides in the apical plasma membrane of distal colonic and renal nephron epithelial cells responsible for discretionary Na + reabsorption.
ENaC activity is rate-limiting for vectorial Na + transport with the mineralocorticoid aldosterone stimulating transport by increasing activity of this channel (23;26) . Both gain and loss of function mutations in ENaC and its upstream regulatory pathways are well established to manifest in improper electrolyte and water handling by the kidney leading to several forms of inappropriate salt conservation and loss, respectively (11) .
In humans, as well as in several mammalian models, this aberrant salt water handling by the kidney results in blood pressure abnormalities.
Aldosterone, as mentioned above, is a critical endocrine modulator of ENaC activity. Studies from our laboratory (9;25) , as well as that of Verrey (13; 21; 22) demonstrated that aldosterone increases K-RasA levels in A6 epithelial cells through a mechanism dependent on transcriptional control of the K-ras gene. We also made similar observations in cardiac fibroblasts from adult rats (24) . Aldosterone not only increased K-RasA levels in A6 cells, but also increased the amount of active GTPcomplexed K-RasA (9). Induction of K-RasA is necessary and possibly sufficient for aldosterone action in some instances, especially in A6 cells (25) . In addition, overexpression of constitutively-active K-RasA with ENaC in X. laevis oocytes increases channel open probability (13) .
Aldosterone activates two established downstream effector-signaling pathways of K-RasA, the MAPK 1/2 and PI3-K cascades, in renal A6 epithelial cells (2;9;17;27 (4) . The downstream PI3-K target Sgk is also an aldosterone-induced protein with aldosterone signaling, in addition, activating this kinase in a PI3-K dependent manner (6;15;27) .
While the MAPK 1/2 and PI3-K signaling cascades, as well as a common initiator of both cascades, K-RasA, are known modulators of Na + transport, the relationship between these cascades and their possible common activator in aldosterone-activated epithelial cells has not been investigated. In addition, a direct link between PI3-K and ENaC activity has not been established. Possible signaling convergence involving the aldosterone-induced proteins K-RasA and Sgk, moreover, has not been investigated.
The current studies confirm that aldosterone activates both PI3-K and MAPK 1/2 signaling in A6 cells, but importantly demonstrates that it can do so through induction of K-RasA. In addition, we demonstrate cross-talk between these two cascades in response to aldosterone, as well as signaling convergence between Sgk and K-RasA.
Finally and we believe most importantly, the current study demonstrates directly that PI3-K activates ENaC with the PI3-K dependent signaling cascade, but not the MAPK 1/2 cascade, being a powerful mediator of aldosterone action on Na + transport in native epithelia.
Methods
Materials and reagents -All reagents, unless noted otherwise, were from Sigma (St.
Louis, MO), Calbiochem (San Diego, CA), BioMol (Plymouth Meeting, PA), and Fisher Scientific (Pittsburgh, PA). Renal A6 epithelial cells were from American Type Culture Collection (Manassas, VA). Full-length human α, β and γ-hENaC cDNA in the pMT3 plasmid have been described previously (14;19) and were a gift from Dr. P. Snyder (Univ. Iowa College Med., Iowa City, Iowa). The adenovirus major late promoter drives expression of each cDNA. These constructs were used without modification. The construct encoding constitutive active PI3-K (p110-α ) was from BD Transduction Lab. Dominant negative Ras (DNRasN17) was a kind gift from Dr. G. Firestone (Univ. of Cal.
at Berkeley, Berkeley, CA) and has been used previously by our laboratory (9) . The GST-Sgk fusion protein used in the current study was created by subcloning X. laevis Western blot analysis -Western blot analysis closely followed methods described previously (4;9;25). In brief, cells were extracted with gentle lysis buffer (76 mM NaCl, 50 mM HCl-Tris, 2 mM EGTA, plus 1% Nonidet P-40, 10% glycerol (pH 7.4), and 1 mM phenylmethylsulfonyl fluoride) with equal amounts of total cellular protein (~ 80 µg) loaded per lane. In some instances, whole cell lysates were prepared in the presence of standard protein phosphatase inhibitors (in mM): 0.1 NaPP i , 0.5 NaF, 0.1 Na 2 MoO 4 , 0.1 ZnCl 2 , and 0.04 Na 3 VO 4 . For immunoprecipitation experiments, starting samples had equal amounts of total cellular protein (~ 400 µg). The methodology used in the current study for pulldown experiments using the Ras-binding-domain of Raf (RBD) and the in vitro MAPK 1/2 activity assay were identical to that described previously (9) . All
Western blot analysis was performed using material and reagents from Pierce (Rockford, IL) and Bio-Rad (Hercules, CA).
Electrophysiology -Open circuit current across A6 cell monolayers was quantified as described previously (4;25). Activity of ENaC reconstituted in CHO cells was quantified using voltage clamp analysis in the whole-cell configuration as described previously (3).
For these experiments, the major cations in the bath and pipette solutions were Na Statistics -Data reported as mean " SEM. Statistical significance (P # 0.05) was determined using the t test for differences in mean values. We have demonstrate previously that aldosterone has no effect on the absolute level of MAPK and thus, have used this protein as a loading control previously (4;9). Consistent with previous studies (9) , aldosterone increased the levels of activated, GTP-complexed K-RasA.
Results

Aldosterone-dependent MAPK 1/2 and PI3-K signaling -
We then asked whether aldosterone also activated MAPK 1/2 in a K-RasA dependent manner. The Western blot in figure 1C was probed with anti-phospho-MBP (top), stripped and then probed with anti-GFP (bottom) antibodies. This blot contained the total reaction of an in-vitro MAPK assay. We have described this assay previously (9) . In brief, whole A6 cell lysate was prepared from cells transfected with a plasmid encoding GFP in the absence and presence of an additional plasmid encoding CHO cells had very little leak current of which none was amiloride-sensitive. Figure 5B summarizes results (n = 6) from a control experiment testing the effects of coexpression of Nedd4-2 (1.0 µg) on ENaC (0.5 µg ea. subunit) activity. Similar to that reported previously (19) and as expected, Nedd4-2 suppressed ENaC activity. These results demonstrate that we can directly assess ENaC function when this channel is reconstituted in CHO cells.
Summarized results in 5C are from whole-cell voltage-clamp experiments (n = 10) testing the effects of co-expression of constitutively-active PI3-K (0.5 µg) on ENaC (0.1 µg ea. subunit) activity. Reported here are the amiloride-sensitive, inward Na + currents at -80 mV for cells transfected with ENaC alone and with PI3-K. In this population study, co-expression of PI3-K significantly increased current greater than 3-fold. These results directly demonstrate that PI3-K increases ENaC activity.
Discussion
Insulin and aldosterone stimulate Na + reabsorption. Blazer-Yost and colleagues (2;17) and Pearce and colleagues (27) showed that PI3-K activity is necessary for insulin and aldosterone action on transport with the latter group showing that PI3-K must be active for proper post-translational modification of the aldosterone-induced protein Sgk. In addition, aldosterone increases the levels of phospholipid products of Concomitantly, Sgk associates with PDK1 in an aldosterone-sensitive manner and is phosphorylated in a steroid-dependent manner only in the presence of K-RasA suggesting that K-RasA is the impetus for aldosterone action on PI3-K signaling in A6 cells. Indeed, suppression of K-RasA expression during aldosterone signaling had the same effect as blockade of PI3-K with respect to both Sgk processing and transport.
PI3-K (2). It is believed that activated
We believe these results provide strong evidence that in some instances and in certain cell types, PI3-K is positioned between K-RasA and Sgk enabling signaling convergence between these two aldosterone-induced proteins. A. B. C.
